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Climatemodelssolve the initial valueproblemof integrating forward in time the stateof the
componentsof the planetaryclimatesystem.The underlyingdynamicsis the solutionof the
non-linearNavier-Stokes equationon a sphere. While the dynamicsitself is the samefor a
wide variety of problems,resolutionsand lengthsof integration vary over several ordersof
magnitudeof timeandspacescales.Efficientintegrationfor differentproblemsrequiredifferent
representationsof thebasicnumericalkernels,which mayalsobea functionof theunderlying
computerarchitectureonwhichthesimulationsaredone.ModernlanguagessuchasFortran90
andC++ offer thepossibilityof abstractrepresentationsof the the basicdynamicaloperators.
Theseabstractionsoffer a largemeasureof flexibility in thedynamicaloperatorcode,without
requiringlarge-scalerewriting for differentproblemsizesandarchitectures.The costof this
abstractionis a functionof thematurityof thecompileraswell asthelanguagedesign.

1 Intr oduction

Numericalclimateandweathermodelstodayoperateovera wide rangeof time and
spacescales. Currentresolutionsof weatherforecastingmodelsapproach50 km
for global models,and 10 km for mesoscalemodels. Oceanmodelsrangefrom�

(100)km for climaticstudiesto theeddy-resolvingmodelsin coastalbasins.Non-
hydrostaticatmosphericmodelsat kilometre-scaleresolutionsareusedin smalldo-
mainsto studycloudandseverestormdynamics,andin muchlargerdomainsspan-
ning
�

(1000)km to studytheprocessesunderlyinglarge-scaleconvectively-driven
systemssuchasmid-latitudecyclonesandtheITCZ. Dependingon theproblemun-
derconsideration,we maychooseto usespectralor grid-pointmethods;hydrostatic
or non-hydrostaticprimitive equations;a variety of physicalprocessesmay be re-
solvedby thenumerics,or remainunresolved(parameterized);theresearchmaybe
focusedon understandingchaoticlow-orderdynamicsof a simplified coupledsys-
tem, or on a comprehensive accountingof all contributing climatesystemcompo-
nents;andin all of these,theunderlyingdynamicsremainsthesolutionof thesame
non-linearNavier-Stokesequationappliedto the complex fluids that constitutethe
planetaryclimatesystem.

In climateresearch,with the increasedemphasison detailedrepresentationof
individualphysicalprocessesgoverningtheclimate,theconstructionof amodelhas
cometo requirelarge teamsworking in concert,with individual sub-groupseach
specializingin a differentcomponentof the climatesystem,suchasthe oceancir-
culation,thebiosphere,landhydrology, radiative transferandchemistry, andsoon.
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Thedevelopmentof modelcodenow requiresteamsto beableto contributecompo-
nentsto an overall coupledsystem,with no singlekernelof researchersmastering
the whole. This may becalledthe distributeddevelopmentmodel, in contrastwith
themonolithicsmall-teammodelof earlierdecades.

Thesedevelopmentsentail a changein the programmingparadigmusedin the
constructionof complex earthsystemsmodels. The approachis to build codeout
of independentmodularcomponents,which canbe assembledby eitherchoosing
a configurationof componentssuitableto the scientifictaskat hand,or elseeasily
extendedto sucha configuration. The codemust thus embodythe principlesof
modularity, flexibility andextensibility.

The currenttrend in modeldevelopmentis alongtheselines, with systematic
efforts underway in Europeandthe U.S to developsharedinfrastructurefor earth
systemsmodels.It is envisagedthatthemodelsdevelopedon this sharedinfrastruc-
turewill goto meetavarietyof needs:they will work ondifferentavailablecomputer
architecturesat differentlevelsof complexity, with thesamemodelcodeusingone
setof componentson a university researcher’s desktop,andwith a differentchoice
of subsystems,runningcomprehensiveassessmentsof climateevolutionat largesu-
percomputingsitesusingthebestassemblyof climatecomponentmodelsavailable
at themoment.

Thesharedinfrastructurecurrentlyin developmentconcentratesontheunderly-
ing “plumbing” for coupledearthsystemsmodels,building thelayersnecessaryfor
efficientparallelcomputationanddatatransferbetweenmodelcomponentson inde-
pendentgrids.Thenext stagewill involvebuilding a layerof configurablenumerical
kernelson top of this layer, andthis papersuggestsa possiblemechanismfor the
numericalkernellayer.

The Fortran-90language� offers a reasonablecompromisebetweenthe need
to develophigh-performancekernelsfor the numericalalgorithmsunderlyingnon-
linearflow in complex fluids,andthehigh-level structureneededto harnesscompo-
nentmodelsof climatesubsystemsdevelopedby independentgroupsof researchers.
In this paper, I demonstratetheconstructionof parallelnumericalkernelsin F90 in
the context of the GFDL Flexible Modeling System(FMS)� . The structureof the
paperis asfollows. Sec.2is a brief descriptionof FMS. Sec.3 describesthe MPP
modules,a modularparallelcomputinginfrastructureunderlyingFMS, andexten-
sively usedin theapproachoutlinedin thispaper. In Sec.4, centralto thispaper, this
sharedsoftwareinfrastructureis takento thenext stage:it is shown how configurable
numericscanbebuilt, andextendedto includenumericalalgorithmssuitableto the
problemat hand. A shallow watermodel is usedhereasa pedagogicalexample.
The codeusedin this sectionis releasedunderthe GNU public license(GPL) and

�
http://www.gfdl.gov/˜fms
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is availablefor download� . Thesectionconcludeswith a discussionof thestrengths
andlimitations of this approach.Sec.5 summarizesthe findingsof the paper, and
suggestswaysforward.

2 FMS: the GFDL Flexible Modeling System

TheGeophysicalFluid DynamicsLaboratory(NOAA/GFDL) undertooka technol-
ogy modernizationprogrambeginning in the late 1990s.The principal aim wasto
prepareanorderlytransitionfrom vectorto parallelcomputing.Simultaneously, the
opportunitypresenteditself for a softwaremodernizationeffort, theresultof which
is theGFDL Flexible ModelingSystem(FMS).TheFMS constitutesa sharedsoft-
ware infrastructurefor the constructionof climatemodelsandmodelcomponents
for vectorandparallelcomputers.It forms the basisof currentandfuture coupled
modelingat GFDL. It hasbeenrecentlybenchmarked on a wide variety of high-
endcomputingsystems,andrunsin productionon threeverydifferentarchitectures:
parallelvector(PVP),distributedmassively-parallel(MPP) anddistributedshared-
memory(DSM)� , aswell asonscalarmicroprocessors.Modelsin productionwithin
FMSincludeahydrostaticspectralatmosphere,ahydrostaticgrid-pointatmosphere,
an oceanmodel(MOM), andland andseaice models. In developmentarea non-
hydrostaticatmosphericmodel,anArakawaC-grid� versionof thehydrostaticgrid-
point atmosphericmodel,an isopycnal coordinateoceanmodel,andan oceandata
assimilationsystem.

Thesharedsoftwarefor FMS includesat the lowestlevel a parallelframework
for handlingdistribution of work amongmultiple processors,describedin Sec.3.
Uponthis arebuilt theexchangegrid softwarelayer for conservativedataexchange
betweenindependentmodelgrids,anda layerfor parallelI/O. Furtherlayersof soft-
ware include a diagnosticsmanager for creatingruntime diagnosticdatasetsin a
varietyof file formats,a timemanager, generalutilities for file-handlinganderror-
handling,anda uniform interfaceto scientificsoftwarelibrariesproviding methods
suchasFFTs. Interchangeablecomponentsaredesignedto presenta uniform in-
terface,so that for instance,behindan ocean“model” interfacein FMS may lie a
full-fledgedoceanmodel,a few linesof coderepresentingamixedlayer, or merelya
routinethatreadsin anappropriatedataset,withoutrequiringothercomponentmod-
els to beawarewhich of thesehasbeenchosenin a particularmodelconfiguration.
Physicsroutinesconstructedfor FMSadhereto the1D columnphysicsspecification�
providing a uniform physicsinterface.Coupledclimatemodelsin FMS arebuilt as�
http://www.gfdl.noaa.gov/˜vb/kernels.html	
Also known ascache-coherentnon-uniformmemoryaccess(ccNUMA) architecture.

http://www.gfdl.gov/˜fms/gfdl/f90 physicsspec.ps
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a singleexecutablecalling subroutinesfor componentmodelsfor the atmosphere,
oceanandso on. Componentmodelsmay be on independentlogically rectangu-
lar (thoughpossiblyphysicallycurvilinear)grids, linkedby theexchangegrid, and
makingmaximaluseof thesharedsoftwarelayers.

3 The MPP modules

The parallel framework for modeling in FMS is provided by a layer of software
calledtheMPPmodules� .
Low-level communication. This layer is intendedto protect the code from the

communicationAPIs (MPI, SHMEM, shared-memorymaps),offering low-
overheadprotocolsto a few communicationoperations,sufficient for mostpur-
poses.It is designedto beextensibleto machineswhich obligetheuserto use
hybridparallelismsemantics.

The domain classlibrary . Thismoduleprovidesaclass� to definedomaindecom-
positionsandupdates.It providesmethodsfor performinghaloupdatesongrid-
pointmodels,anddatatransposesfor spectralmodelsor any otherpurpose(e.g
FFTs). It is currentlyrestrictedto logically rectilinear grids (which category
includesnon-standardgridssuchasthebipolargrid
 andcubedsphere� ). This
layeris describedin somedetailbelow.

Parallel I/O. The parallel I/O moduleprovidesa simple interfacefor readingand
writing distributeddata.It is designedfor performanceonparallelwrites, which
arefar morefrequentin thesemodels.Merely by settingtheappropriateflags
whenopeninga file, userscanchoosebetweendifferentI/O modes,including
sequentialor direct access,multi-threadedor single-threadedI/O � , writing a
singlefile or multiple files for laterassembly. It currentlysupportsnetCDFand
raw unformatteddata,but is designedto beextensibleto otherformats.

The domainclassis briefly describedhere,asit is usedin what follows. The
basicelementin thehierarchyis anaxisspecification:�
http://www.gfdl.noaa.gov/˜vb/mpp.html�
The class library terminology is usually associatedwith object-orientedlanguages(C++, Java). It

is a well-kept secretthat F90 modulesallow one to build class libraries, having many of the use-
ful features,but few of the current performancedisadvantagesof OO languages. See POOMA
(http://www.mcs.lanl.gov/pooma)for a C++ approachto builing numericalkernels.�
Single-threadedI/O on multiple processorsinvolves having one processorgatherthe global datafor

writing, or scatterthedataafterreading.
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type, public :: domain_axis_spec
integer :: begin, end, size, max_size
logical :: is_global

end type domain_axis_spec

Theaxisspecificationmerelymarksthebeginningandendof acontiguousrange
in index space,plus for conveniencesomeadditional redundantinformation that
can be computedfrom the range. Using this, we constructa derived type called
domain1D thatcanbeusedto specifya 1D domaindecomposition:

type, public :: domain1D
type(domain_axis_spec) :: compute, data, global
integer :: pe
type(domain1D), pointer :: prev, next

end type domain1D

Thedomaindecompositionconsistsof threeaxisspecificationsthatcontainall
theinformationaboutthegrid topologynecessaryfor communicationoperationson
distributedarrays. The computedomainspecifiesthe rangeof indicesthat will be
computedon a particularprocessingelement(PE). The data domainspecifiesthe
rangeof indicesthat arenecessaryfor thesecomputations,i.e by including a halo
region sufficiently wide to supportthe numerics. The global domainspecifiesthe
globalextentof thearraythathasbeendistributedacrossprocessors.In additionthe
domain1D typeassociatesaprocessorID with eachdomain,andmaintainsalinked
list of neighboursin eachdirection.

It is now simpleto constructhigher-orderdomaindecompositions,of which the
2D decompositionis the mostcommon. This is specifiedby a derived type called
domain2D, which is constructedusingorthogonaldomain1D objects:

type, public :: domain2D
type(domain1D) :: x, y
integer :: pe
type(domain2D), pointer :: west, east, south, north

end type domain2D

Many of themethodsassociatedwith adomain2D canbeassembledfrom op-
erationson its domain1D elements.Theadditionalinformationhereis to maintain
a list of neighboursalong two axes,and to assigna PE to each2D domain. The
domain2D object is shown herein Fig. 1, for a global domain(1:nx,1:ny)
distributedacrossprocessorsandyieldinga computedomain(is:ie,js:je).

Therearetwo basicoperationson thedomainclass.Oneis to setup a domain
decompositionbasedon the modelgrid topology. Thesecondis a high-level com-
municationoperationto fill in non-localdatapointswhich lie in computedomains
onotherPEs,andmustthereforebeupdatedafteracomputecycle (e.ghaloupdate).
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(1,1)

(nx,ny)

(is,js)

(ie,je)

Figure1. Thedomain2D type,showing global,dataandcomputedomains.

The simplestversionof the first call is given a global grid and the required
halosizesin � and � , andreturnsanarrayof domain2D objectswith the required
decomposition:

type(domain2D) :: domain(0:npes-1)
call mpp_define_domains( (/1,nx,1,ny/), domain, xhalo=2, yhalo=2 )

This requestsa decompositionof theglobaldomainonnpes PEs,with a halo
size of 2. The layout acrossPEsand domainextentshereare internally chosen,
thoughoptionalargumentsallow theuserto take controlof theseif desired.In ad-
dition, thereare optional flags for the user to passin information about the grid
topology, e.g periodic boundariesin � or � , or folds (as in cylindrical or bipolar
grids).

After settingup a domaindecomposition,we mayproceedwith a computation.
All datais allocatedon thedatadomain,of which only thecomputedomainsubset
is locally updated.At theendof a computecycle, typically a timestep,we make a
call to updatethenon-localdata(haloregion):

real, allocatable :: f(:,:)
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call mpp_define_domains( (/1,nx,1,ny/), domain, xhalo=2, yhalo=2 )
call mpp_get_compute_domain( domain, is, ie, js, je )
call mpp_get_data_domain( domain, isd, ied, jsd, jed )
allocate( f(isd:ied,jsd:jed) )
do t = start,end !time loop

do j = js,je
do i = is,ie

f(i,j) = ... !computational kernel
end do

end do
call mpp_update_domains( f, domain )

end do

All the topologyandconnectivity information is storedin domain, allowing
thehaloupdateto proceed.This dataencapsulationprovesto bea powerful mech-
anismto simplify high-level code. The syntaxremainsidentical for arraysof any
type, kind or rank; for openor periodicboundaryconditions;for simpleor exotic
logically rectangulargrids;andonavarietyof parallelcomputingarchitectures.It is
a testamentto thesuccessof thelayeredandencapsulatedinterfacedesignthatthere
arevery few circumstancesunderwhich developersof parallelalgorithmsin FMS
haveneededdirectrecourseto theunderlyingcommunicationprotocols.

In thenext sectionwedemonstratetheconstructionof a layerof numericalker-
nelson top of thedomain classlibrary.

4 Parallel numerical kernelsin F90

Theshallow watermodelrepresentsthedynamicsof smalldisplacementsof thesur-
faceof afluid layerof constantdensityin agravitationalfield. Givenarotatingfluid
of height � , the2D dynamicsof asmalldisplacement����� maybewrittenas:

� ������ � �"!$#&%('*)+! � � (1a)� %���,� �.- !/�0'21�354�%('*)+! � %('26 (1b)

where% is thehorizontalvelocity, - theaccelerationdueto gravity, 1 theCorio-
lis parameter, ) thecoefficientof viscosity, andF anexternalforcing. I havechosen
to discretizeit below usinga forward-backwardtimestep,andanexplicit treatment
of rotation,asfollows:
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Thesuperscriptrefersto thetime level. Thespatialdiscretizationhasbeenleft
unspecifiedbecausethe numericalkernelsconstructedwill beableto supportmul-
tiple grid stencils. Observant readerswill note that the treatmentof the Coriolis
termis formally unstable;theunconditionallystablerepresentationintroducessome
additionalconsiderationsthatarediscussedbelow in Sec.4g.

The shallow watermodel is a standardpedagogicaltool usedin NWPH . It is
alsoof significancein real models:eachlayer of a mass-basedvertical coordinate
systemmaybethoughtof asbeingashallow waterlayer. In addition,it is customary
in oceanmodelsto separateout the2D barotropicdynamicsof theocean,which is
formally a shallow watermodel, from the 3D baroclinicdynamicsof the interior,
whoseintrinsic timescalesaremuch longer. Parallel barotropicsolverstendto be
latency-boundand limit the scalability of oceancodesI , and are thus a potential
client for efficientnumericalkernelsdevelopedfor a shallow watermodel.

4a A classhierarchy for theshallowwatermodel

Thekey to constructingclasslibrariesthatareintuitive andeasyto useis to define
objectsascloseasis reasonableto theelementsof thesystembeingmodeled.Here
theobjectsbeingmodeledarevectorandscalarfields,andtheoperationsarearith-
metic, rotationalanddifferentialoperationson fields. Thesewill thusbecomethe
objectsandmethodsof our class.Differentialoperationson scalarandvectorfields
will requirea representationof a grid, with anassociatedmetric tensor. Finally, for
parallelcodes,thegrid will needto built on a layersupportingdomaindecomposi-
tion. Thustheclasshierarchybeingdevelopedis:

The domain class describedabove,representingindex-spacetopologiesof domains
distributedacrossparallelprocessingelements;

A grid class superposingaphysicalgrid on thedomainclass,supplyingagrid met-
ric tensoranddifferentiationcoefficients;

A field class of 2D scalarand vector fields supportingarithmetic, rotational,and
differentialoperationson thegrid.
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Theshallow-watermodelis 2D, andthereforetendsto be latency-bound,since
a 2D halo region producesa shortcommunicationbyte-stream.We usethe active
domainaxisspecificationfor latency-hiding.

4b Activedomains.

A new axisspecificationthathasrecentlybeenaddedto thedomainclassis theac-
tive domainaxis specification. This canbe usedto maintainthe stateof the data
domain,andcanprovide a simpleandpowerful mechanismof tradingcommunica-
tion for computationon parallelclusterswith high-latency interconnectfabrics,or,
moregenerally, on high-latency codesegments.The ideais to usewide halosand
computeasmuchlocally in thehaloasthenumericspermit.Thesepointsareshared
by morethanonePE,andthusareredundantlycomputed.The redundantcompu-
tationspermitoneto performhaloupdateslessoften. In eachcomputationalcycle,
the sizeof the active domainis reduceduntil no further computationsarepossible
withoutahaloupdate.Only thenis thehaloupdateperformed.An exampleis shown
below in Sec.4f. Fig. 2 shows successive stagesof a computationalcycle requiring
haloupdateson every fourth timestep.

4c Scalarandvectorfields

Thescalarfield is constructedasfollows:
type, public :: scalar2D

real, pointer :: data(:,:)
integer :: is, ie, js, je

end type scalar2D

Thedata elementof thescalar2D typecontainsthefield values.TheFortran
standardrequiresarrayswithin derivedtypesto have thepointer attribute. (This
will be revisedin Fortran-2000,which will permit allocatablearrayswithin types).
Theactive domaindescribedin Sec.4b maintainsthestateof thedatadomain,and
setsthelimits of thedomainthatcontainvalid data.We usethis informationto limit
the arraysectionsusedfor computations,and to determinewhena halo updateis
required.

Thereareprosandconsto theuseof arrayswith apointer attribute:J Pointerarrayscanbepointedto a persistentprivateworkspace,calledtheuser
stack. This hastwo advantages:

– It savestheoverheadof asystemcall to allocatememoryfrom theheap;

– It avoidsthepossibilityof memoryleaksthatcanbecausedby incautious
useof theallocate statementonpointer arrays:
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Figure2. Thedomain2D type, showing global, dataandcomputedomainsasthick lines. Successive
stagesof adiminishingactive domainareshown asthin lines.

real, pointer :: a(:)
real, target :: b(100)
allocate( a(100) )
a => b

At thispoint, theoriginalallocationof 100wordshasno handle,andcan-
notbedeallocatedby theuser, norcanthecompilerdeterminewhetheror
notsomearrayis pointingto this location.This is amemoryleakthatcan
grow without limit, if it occursin a routinethatis repeatedlycalled.J It may not be possiblefor an optimizing compilerto determineif two pointer

arraysareor arenot aliasedK to eachother. Non-standardcompilerdirectives
(e.g!dir$ IVDEP on compilerssupportingCraydirective syntax)generally
permittheuserto assistthecompilerin this regard.J TheF90standardrequirestheassignmentoperator(=) appliedto pointercom-L

i.e, have overlappingmemorylocations.
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ponentsto redirectthem,ratherthancopy them.Thiscanyield counter-intuitive
behaviour:

type(scalar2D) :: a, b
a = b
b%data = ...

This will changethe valuesof a%data, which may run againstexpectations.
(Changesto the RHS of an assignmentafter the assignmentdo not affect the
LHS for ordinaryvariables).A furthercomplicationis that the futurerevision
of the standard,which permitsallocatablearraycomponents,will restorethe
expectedbehaviour.

In considerationof thelastissue,weoverloadtheassignmentinterfaceto restore
the expectedbehaviour whenthe RHS is of type(scalar2D). We alsousethe
assignmentinterfaceto make it possibleto assignsimplearraysor scalarsto ascalar
field (e.ga=0):
interface assignment(=)

module procedure copy_scalar2D_to_scalar2D
module procedure assign_0D_to_scalar2D
module procedure assign_2D_to_scalar2D

end interface

In all versionsof theseprocedures,wefirst allocatespacefor theLHS datafrom
theuserstack. In thefirst instanceof theoverloadedassignment,theRHSis alsoa
scalarfield, andthevaluesin its data elementarecopiedinto theLHS data, and
theactivedomainontheRHSis appliedontheresult.In theothertwo instances,the
RHSis a realarrayor scalar, which is usedto fill thedata elementof theLHS:
type(scalar2D) :: a, b
real :: c
real :: d(:,:)
a = b
a = c
a = d

The differentpossibilitiesareillustratedabove. In the assignmentof b andd,
anerrorresultsif thearrayson theRHSdo not conformto a%data.

Thehorizontalvectorfield is constructedasa pair of scalarfields:
type, public :: hvector2D

type(scalar2D) :: x, y
integer :: is, ie, js, je

end type hvector2D
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andits assignmentoperationsareinheritedfrom its scalarcomponents:
subroutine copy_hvector2D_to_hvector2D( a, b )

type(hvector2D), intent(inout) :: a
type(hvector2D), intent(in) :: b
a%x = b%x
a%y = b%y
return

end subroutine copy_hvector2D_to_hvector2D

4d Arithmeticoperators

Considertheadditionoperationappliedto scalarfields:
type(scalar2D) :: a, b, c
a = b + c

This operation requires the arithmetic operation a%data = b%data +
c%data, subjectto limits on the active domain. The active domainthat results
is theintersectionof thetwo activedomainson theLHS:
interface operator(+)

module procedure add_scalar2D
module procedure add_hvector2D

end interface

function add_scalar2D( a, b )
type(scalar2D) :: add_scalar2D
type(scalar2D), intent(in) :: a, b
add_scalar2D%data => work2D(:,:,nbuf2) !assign from user stack
add_scalar2D%is = max(a%is,b%is)
add_scalar2D%ie = min(a%ie,b%ie)
add_scalar2D%js = max(a%js,b%js)
add_scalar2D%je = min(a%je,b%je)
do j = add_scalar2D%js,add_scalar2D%je

do i = add_scalar2D%is,add_scalar2D%ie
add_scalar2D%data(i,j) = a%data(i,j) + b%data(i,j)

end do
end do
return

end function add_scalar2D

For multiplication,oneof themultiplicandsis a scalaror 2D array.
The vector field is able to inherit its arithmeticoperationsas a combination

of operationson its components,just aswasdonefor the assignmentinterfacein
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Figure3. T- andU-cellson theArakawa B-grid.

Sec.4c.

4e Rotationaloperators

The computationof the Coriolis term requiresthe rotationof a vectorfield about
the vertical. We candefinean operatorkcross which takesa singlevectorfield
argumentand returnsa rotatedvector field. This is very striaghtforward on grid
stencilswherethevectorcomponentsaredefinedatthesamepoint,asin theArakawa
A andB grids� , but requiresaveragingfor theC-grid,wherevectorcomponentsare
not collocated.

The function kdotcurl, taking a vector field operandand returningthe k-
componentof vorticity asa scalarfield, mayadditionallybedefinedif needed.

4f Differentialoperators

The differentialoperatorsincludegradient, which takesa scalarfield operandand
returnsavectorfield; divergence, takingavectorfield operandandreturningascalar
field, and laplacian, definedfor both vectorandscalarfields. I illustrateherethe
constructionof differential operatorson a B-grid. The B-grid T- and U-cells are
shown in Fig. 3:

Thediscreterepresentationof gradientanddivergenceoperatorsusingforward
differenceson theB-grid is:

!$#&% �UT&V > R�W CX' T W > Y V C (3a)>@! M C V �ZT V > M W C (3b)>G! M C W �ZT W > M V C (3c)
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Thecodefor thegradientoperatoris shown below:

function grad(scalar)
type(hvector2D) :: grad
type(scalar2D), intent(inout) :: scalar

call mpp_get_compute_domain( domain, is, ie, js, je )
call mpp_get_data_domain( domain, isd, ied, jsd, jed )
grad%x => work2D(:,:,nbufx)
grad%y => work2D(:,:,nbufy)
if( scalar%ie.LE.ie .OR. scalar%je.LE.je )then

call mpp_update_domains( scalar%data, domain, EAST+NORTH )
scalar%ie = ied
scalar%je = jed

end if
grad%is = scalar%is; grad%ie = scalar%ie - 1
grad%js = scalar%js; grad%je = scalar%je - 1
do j = grad%js,grad%je

do i = grad%is,grad%ie
tmp1 = scalar%data(i+1,j+1) - scalar%data(i,j)
tmp2 = scalar%data(i+1,j) - scalar%data(i,j+1)
work2D(i,j,nbufx) = gradx(i,j)*( tmp1 + tmp2 )
work2D(i,j,nbufy) = grady(i,j)*( tmp1 - tmp2 )

end do
end do

Therearecertainaspectsof thiscodefragmentworth highlighting:J Thedifferencingon the B-grid requiresthe valuesat(i+1,j+1) in orderto
compute(i,j), thus losing one point in the easternand northernhaloson
eachcomputecycle. A halo updateis performedwhen thereare insufficient
active pointsavailableto fill the computedomainof the resultingvectorfield.
We mayavoid updatingthe westernandsouthernhalos,which arenever used
in this computation.

Thehalosizemustbeat least1 for this numericalkernel,but canbesetmuch
higheratinitializationin thempp_define_domains call (Sec.3). Forahalo
sizeof n, halo updatesarerequiredonly onceevery n timesteps.This illus-
tratesthesortsof paralleloptimizationsyieldedby theconstructionof modular
numericalkernels.J The loop itself hasa complicatedform, particularto theB-grid stencilshown.
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Other loop optimizationsmay be applied here without compromisingthe
higher-level code.Operatorsfor otherstencilsmaybeoverloadedhereaswell
underthegenericinterfacegrad, againpreservinghigher-level codestructure.J Thehalo updateshave beenillustratedhereasblocking calls,which complete
uponreturnfrom thecall. For a fully non-blockinghaloupdate,thecall would
bemadeat theendof a computecycle, andtheusualwait-for-completioncall
(e.gMPI_WAIT) calledat thetop of thenext cycle.

4g High-level formulationof a shallowwatermodel

Usingtheconstructsdevelopedhere,a basicshallow watermodelmaybewritten in
standardFortran-90asfollows:

program shallow_water
use fields
type(scalar2D) :: eta
type(hvector2D) :: u, forcing
do t = start,end !time loop
eta = eta + dt*( -h*div(u) + nu*lapl(eta) )
u = u + dt*( -g*grad(eta) + f*kcross(u) + nu*lapl(u) + forcing )

end do
end program shallow_water

This code
N

possessesseveral of the featureswe seekto build into our codes:
portability, scalability, easeof use,modularity, flexibility andextensibility:J The codehasbeenvalidatedon Cray PVP andMPP systems,SGI ccNUMA,

andaBeowulf clusterusingthePGF90compiler. OntheCrayandSGIcompil-
ers,theabstractionpenaltywithoutusingspecialdirectivesis estimatedatabout
20%.Somecausesfor theabstractionpenaltyarenotedbelow.J For a typical modelgrid of 2004 200points,it scalesto 80%on 64 PEswith a
halosizeof 1. It is memory-scalingexceptfor thehaloregion.J The parallelcalls arebuilt into the kernels,andarecalledonly at need. Both
blocking and non-blockinghalo updatesare supported. In addition, the fre-
quency of halo updatescanbe reducedon a high-latency interconnectat the
costof additionalcomputation,merelyby settingwider halosat initialization,
andnoothercodechanges.[

Availablefor downloadfrom http://www.gfdl.noaa.gov/˜vb/kernels.html
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J The grid stencils,andthe orderingof indices,etc.,canbe changedwithin the
kernelswithout affectingthecalling routines.This is doneby overloadingker-
nelsfor differentgrid stencilsunderthesamegenericinterface.In additionthis
would permit the useof different grid stencilsin differentpartsof the code.
However, therearesomebasiclimits to thisflexibility , notedbelow.

Somedifficultieswith this approachmayalsobenoted. Oneis thatarithmetic
operatorsconstructedasshown heredonotperformcertainoptimizationsthatwould
bedonefor equivalentarrayoperations,illustratedby theseexamples:
a = a + b
a = b + c + d

In thefirst example,onememorystreammaybesavedby knowing thattheLHS
arrayalsoappearson theRHS.Sincea functioncall is usedto performtheaddition
here,an extra memorystreamis used. In the secondexample,the loop construct
wouldchainthetwo additionstogetherin asingleloop. Herethefunctionsarecalled
pairwise. While it is possiblein principle to chainfunctioncalls, it is unlikely that
any compiler in practiceperformsthis level of interproceduralanalysis.Theseare
contributorsto theabstractionpenaltynotedabove.

A secondlimitation of this approachaffectstheflexibility in thechoiceof grid
stencil for a given high-level castingof the equations.This is dueto the fact that
the time discretizationmust be explicitly maintainedin high-level codewhile we
seekto constructnumericalkernelsfor spatialoperators.This is bestillustratedby
modifying Eq.2 to useanimplicit treatmentof theCoriolis force:

� 7:9 � � � 7;/� �=� �?>G!$#&%DC\7 (4a)%]7:9 � � %]7;<� �=�.- >@!<�8C^7:9 � '*1�3,4 _ %]7:9 � '?%]7` a '?6b7 (4b)

Usinga grid stencilwherevectorcomponentsarecollocated,it is easyto rear-
rangetermsin the % equationto bring % 7:9 � to theLHS.Thetimesteppingfor % then
takesplacein two steps:
f2 = f/2
u = u + dt*( -g*grad(eta) + f2*kcross(u) + nu*lapl(u) + forcing )
u = ( u + dt*f2*kcross(u) )/( 1 + f2**2 )

However, on a C-grid, sincethevectorcomponentsarenot collocated,the im-
plicit Coriolis term requiresa matrix inversionc . Particularly vexing in the current
context is that the high-level structureof the equationsdependson the spatialgrid
stencil. Thehigh-level form of theequationsmaynot in all instancesbeableto be
madeindependentof thegrid numerics.
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5 Discussion

Earthsystemsmodelsarerun over a wide rangeof time andspacescales,in many
configurations,servinga wide varietyof needs,while sharingthe sameunderlying
Navier-Stokesdynamicsappliedto complex fluids. As model complexity grows,
theneedfor a flexible, modularandextensiblehigh-level structureto supporta dis-
tributedsoftwaredevelopmentmodelhasbecomeapparent.

First attemptsat standardizationfor parallelcomputingarchitectureresultedin
standardsfor low-level communicationAPIs(MPI, OpenMP).Thesehavethedisad-
vantageof implying a particularkind of underlyinghardware(distributedor shared
memory)andaddgreatlyto codecomplexity for portablesoftwarethatattemptsto
encompassmultiple parallelismsemantics.

Effortsarecurrentlyunderwayto createasoftwareinfrastructurefor theclimate
modelingcommunitythat meetstheseneedswith high-performancecoderunning
onawidevarietyof parallelcomputingarchitectures,concealingthecommunication
APIs from high-level code. A prototypefor this would be the domainclasslibrary
describedin Sec.3.

Theclasslibrary approachis apowerful meansof encapsulatingmodelstructure
in anintuitivemanner, sothatthedatastructuresbeingusedareobjectsconceptually
closeto the entitiesbeingmodeled. In this paperI have demonstratedthe exten-
sion of this approachto createa classof modular, configurableparallelnumerical
kernelsusingFortran-90suitablefor usein earthsystemsmodels.Thelanguageof-
fersa reasonablecompromisebetweenhigh-performancenumericalkernelsandthe
high-level structurerequiredfor a distributeddevelopmentmodel. This approachis
beingexperimentallyappliedto productionmodels,particularlyin high-latency code
segmentswhereconfigurablehaloscouldyield performanceenhancements.It could
yield additionaladvantagesin modelswherewe mayneedto choosedifferentgrid
stencilsfor differentresearchproblemsusingthesamemodelcode.

The parallelnumericalkernelsdevelopedherehave beenvalidatedon a small
subsetof currentcompilersandarchitectures.As they usemany advancedlanguage
features,it is likely thatperformanceon differentplatformswill beuneven. This is
somethingthat the developersof sharedsoftware infrastructurewill have to come
to termswith. A key recommendationflowing from the conclusionsof this paper
would be an earnesteffort on our part to involve the compilerand languagestan-
dardscommunitiesin theseefforts. This involvescloserpartnership,ratherthanan
antagonisticrelationship,with thescalablecomputingindustry, andparticipationof
ourcommunityin theevolutionof languagestandards.
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